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Activates the PI Cycle
Monika Hassel1 and Annette Bieller
Zoologisches Institut II der Universitaet, INF 230, 69120 Heidelberg, Germany
Lithium ions affect pattern formation in the freshwater polyp Hydra vulgaris in a complex manner. Although a long-term
treatment with 1 mM LiCl completely suppresses both head formation and budding, a reduction of the lithium concentration
during a long-term treatment from 4 to 1 mM LiCl strongly promotes the differentiation of ectopic head structures.
Meanwhile, budding, often interpreted as a special case of head formation, remains suppressed. The appearance of ectopic
tentacles under these conditions is surprising as they develop while the animals remain in the presence of 1 mM LiCl, a
concentration which would normally suppress the formation of tentacles. On a molecular level, the induction of ectopic
head structures by the shift in the LiCl concentration is preceded by an increase in the level of inositol phosphates,
indicating an activation of the phosphatidylinositol (PI) cycle. Increased inositol phosphate levels persist for at least 24 hr.
Our results provide evidence that (i) tentacle- and bud-forming systems need different and possibly mutually exclusive
physiological preconditions and (ii) prolonged inhibition of the PI cycle after initial activation might be necessary to obtain
ectopic tentacles. q 1996 Academic Press, Inc.
INTRODUCTION scheme. Long-term treatment with 1 mM LiCl severely af-
fects cell composition (Hassel and Berking, 1989), promotes
In many eukaryotes patterning is disturbed by the applica- ectopic foot formation along the body axis, inhibits head
tion of lithium ions during sensitive phases of development. formation (Hassel et al., 1993), and almost immediately sup-
Organisms as distantly related as the slime mold Dictyos- presses vegetative propagation by budding (Hassel and Berk-
telium, sea urchins, Xenopus, or ®sh respond to lithium by ing, 1990). However, a decrease of the lithium concentration
respeci®cation of cell fate and embryonic axes (for review during a long-term treatment strongly promotes the differ-
see Berridge et al., 1989). Lithium acts in a stage-speci®c entiation of ectopic head as well as foot structures (Hassel
manner. Early application of the ion to Xenopus embryos, et al., 1993).
for example, induces dorsalization (Kao et al., 1986), Direct evidence for an involvement of the PI cycle in
whereas a late application ventralizes the embryo (see refer- the patterning processes of hydra was provided by Mueller
ences in Slack, 1991). (1989, 1995). In these experiments, repeated treatment with
The early lithium phenotype in Xenopus and sea urchins diacylglycerol (DAG), a second messenger of the PI cycle
may be rescued by the concomitant application of inositol, and activator of protein kinase C (PKC), induced ectopic
a key molecule in the PI cycle (Busa and Gimlich, 1989). head formation. Moreover, 12-O-tetradecanoylphorbol 13-
The exogenously applied compound probably compensates acetate (TPA), another protein kinase C activator, induced
for inositol depleted by lithium treatment in certain cell ks-1, a head-speci®c gene with yet unknown function
types (Hallcher and Sherman, 1980). (Weinziger et al., 1994). The expression of Cnox2, a gene
The action of lithium on Hydra vulgaris, a small freshwa- which seems to be negatively regulated by PKC signaling
ter cnidarian, is very complex depending on the application in the head region, was reduced by DAG treatment (Shenk
et al., 1993). The objective of this study was to investigate
the effects of variations in lithium concentration on bud-1 To whom correspondence should be addressed. Fax: (49) 6221-
544913. E-mail: moh@sirius.mgen.uni-heidelberg.de. ding and the differentiation of ectopic head structures. A
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separation by HPLC, the water-soluble metabolites were dissolvedpossible correlation between activation of the PI cycle and
in 0.8 ml water by vigorous vortexing, insoluble material was pel-head-speci®c differentiation is shown.
leted for 10 min at 15,000g, and the supernatant was ®ltered
through Millex GV4 0.22 mm prior to loading the column. The
recovery of standard inositol phosphates (NEN) was determined to
MATERIALS AND METHODS be around 80% for inositol, IP1, IP2, and IP3 and 60±70% for IP4
and IP6. HPLC was performed using a Partsil SAX column (0.4 1
250 mm) and a complex gradient of 0±3.5 M NH4 formate as de-Culture of Hydra
scribed in Jackson et al. (1987) with the exception that inositol was
Culture and treatment conditions for H. vulgaris were as de- initially washed from the column for 5 min with water. Fractions
scribed previously (Hassel et al., 1993) except that animals were (160 total) of 0.33 ml were collected at a ¯ow rate of 1.2 ml/min.
fed daily between 8:30 and 9 A.M. with Artemia salina nauplii ad All separations were performed using a chemically inert titanium/
libitum and cleaned by extensively rinsing with fresh medium 4± Peek HPLC system (Jasco).
6 hr later. Scintillation counting was performed after addition of 1 ml meth-
For all experiments, up to 100 big, budless hydra (5±8 mm in anol:water (1:1) and either 4 ml Rotiscint 2211 (up to fraction 95)
size) were selected from mass cultures after 2 days of starvation or Rotiscint 2200 (the remaining high salt fractions).
and transferred to plastic petri dishes (8 cm diameter), where they
received food. Six hours later they were rinsed and incubated in 2
or 4 mM lithium. Between 1 and 48 hr later animals were trans-
RESULTSferred to normal medium or a lower lithium concentration as de-
scribed under Results and in the legend to Fig. 1. During the experi-
ments, hydra were fed daily except on Days 13 and 14, when only H. vulgaris were treated with lithium chloride as shown
the medium was changed. Although animals incubated in 4 mM in Fig. 1. The lithium concentrations were chosen according
LiCl fed poorly, they were given the same number of A. nauplii as to a previous experiment, in which the shift from 4 to 1
untreated controls. Morphological evaluation was carried out daily mM LiCl had induced ectopic head formation (Hassel et al.,
after the cleaning procedure. The statistical signi®cance of data was 1993). Treatment consisted of variable times (6±48 hr) in 2
determined by using either Student's t test or x2 test as indicated. or 4 mM LiCl followed by 4 days in a fourfold lower lithium
concentration. This shift in the lithium concentration was
performed for all types of experiments on the same day (DayIncubations with [3H]Inositol and Separation
2) to allow direct comparison of the results. All animalsof Inositol Phosphates
were transferred to normal medium on Day 6 and develop-
Incubations with [3H]inositol were performed for 18±24 hr in ment followed until Day 14. This treatment protocol was
glass tubes containing 40 animals per 0.5-ml ®lter-sterilized (Li/- designed (i) to allow the observation of ectopic tentacle for-
containing) medium and 2.5 mCi [3H]inositol (NEN, sp act 49.1 Ci/ mation in primary and secondary axes while the animals
mmol). This time had proven suf®cient to obtain maximal labeling are still in LiCl and (ii) to suppress bud formation no longer
(not shown). Hydra were starved 24 hr prior to and during the than necessary.
incubation.
For short-term incubations in 1 mM LiCl (1 and 6 hr) following
2 days in 4 mM LiCl, animals were preincubated on the second Lithium Suppresses Budding in a Concentration-
day of 4 mM LiCl treatment for 18 hr in 4 mM LiCl containing Dependent Manner[3H]inositol, rinsed twice in 1 mM LiCl, and further incubated in
1 mM LiCl plus [3H]inositol. The same protocol was followed for In three independent experiments, 50 budless hydra were
the pulse-chase experiments, which included transfer from 4 mM fed and batches b±e (Fig. 1) incubated in lithium 6 hr later.
LiCl to normal medium and subsequently to 1 mM LiCl: animals Under these conditions, untreated control animals devel-
were rinsed twice in normal medium and then incubated in 0.5 ml oped a mean of 3.2 buds within 7 days, with most parents
normal medium plus [3H]inositol. In these experiments, the lith-
bearing 2 buds. The buds detached normally, and thereafterium concentration was elevated again by addition of 0.5 ml 1 M
only 1 bud per animal was present (Fig. 1, a1).LiCl after 1, 6, or 20 hr. In the latter case animals were left an
The earliest effect observed with all kinds of lithiumadditional 4 hr in 1 mM LiCl prior to extraction.
treatment was suppression of budding, which occurredThe samples were processed using an acidic extraction method
as described by Berridge et al. (1983) with minor modi®cations. All most ef®ciently in treatment protocols b and e (Fig. 1, a1±
experiments were repeated twice. In short, the animals were e1). Inhibition of budding was abolished by complete re-
washed at least three times in hydra medium with or without LiCl moval of lithium ions (Day 6). Thereafter, all batches of
and incubation was stopped by adding 1.5 ml ice-cold metha- hydra formed high numbers of buds within 1 to 3 days (see
nol:chloroform (2:1). Soni®cation at 47C for 1 min homogenized below). The lag in budding rate depended mainly on the
the tissue. The sonicator tip was washed with 500 ml of chloroform, lithium concentration, which is most obvious in protocols
0.5 ml of 2.4 M HCl was added, and the phases were extracted by
b and e (Fig. 1): The shift from 2 to 0.5 mM LiCl preventedvigorous vortexing. The phases were separated by centrifugation,
budding until Day 7, but transfer from 4 to 1 mM LiClthe water-soluble fraction was reextracted with 1 ml of chloroform,
resulted in a delay until Day 9. The length of pretreatmentand the organic phase was reextracted with 2 ml methanol:1 N
had only a moderate effect, since incubation for 6 hr in 4HCl (1:1). The phases were pooled and evaporated to dryness in
a speedvac (Savant) under medium heating. Immediately prior to mM LiCl inhibited budding until Day 8 and incubation for
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
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48 hr until Day 9 (Fig. 1, protocols c and d). As the delay of
budding was longer after a short treatment with high lith-
ium concentrations (protocols c and d) than after prolonged
treatment with low lithium (protocol b), the decisive factor
for bud suppression is probably rather the concentration of
the ion than the duration of treatment.
When the onset of treatment was delayed (protocols c and
d), a few buds escaped inhibition. They developed from Day
3 onward and failed to detach from the parent with a normal
ring foot. These abnormal, nondetaching buds, which either
differentiated no foot or a foot in an abnormal position,
were termed secondary axes. Secondary axes behaved like
parents with respect to bud formation and, while still
attached to the parent, developed one to two normally de-
taching buds from Day 9 or 10 onward (Fig. 1, a2±e2; Fig.
2A). In a parallel control experiment, treatment according
to protocols c and d was started on Day 1. Under these
conditions, no buds and therefore also no secondary axes
developed in lithium (data not shown). We therefore con-
clude that buds evaginating during the lithium treatment
had been induced by feeding on Days 1 or 2 and were already
latent at the time the experiment started.
The Budding Potential Increases during Treatment
and Is Released in a Compensatory Burst
One to 3 days after the end of lithium treatment, budding
was resumed in a burst with a mean of 4 and a maximum
of 9 buds developing almost simultaneously (Fig. 1, a1±e1).
The high number of buds was enabled by the establishment
of an extended budding zone, which produced new offspring
in an unordered manner for several days (Fig. 2). Usually,
buds evaginate in a more apical position than they ®nally
detach. In the extended budding zone of lithium-treated
animals, new buds frequently formed below elder ones with
their tips pointing toward the foot (Fig. 2B). This phenotype
has been described previously (Hassel and Berking, 1990)
and indicates that part of the extended budding zone is tran-
siently inverted.
The total number of buds formed within 14 days corre-
sponded to the control value (Fig. 3) with the exception of
protocol e, where signi®cantly fewer buds had formed (P
 0.01).
While buds which formed in controls and in protocol b
detached from the parent 4 days after evagination, detach-
ment was delayed for an additional 1±6 days in polyps
treated with 4 mM LiCl (Fig. 1, c±e). On Day 12, which is
3±4 days after evagination, 90% (c), 31% (d), and even none
of the buds (e) had detached. Since the total number of buds
formed within 2 weeks was identical in control and lithium-
treated polyps, we conclude that the budding potential
FIG. 2. Formation of an extended budding zone, secondary axis,builds up during lithium treatment rather than afterward.
and ectopic tentacles on the secondary axis. (A) An otherwise nor-
The budding potential seems to be determined by a molecu- mal polyp with a secondary axis bearing a normal bud (star) and
lar property that can accumulate and be released completely two ectopic tentacles (arrows). (B) An extended budding zone with
in a compensatory burst, although detachment of the re- a younger bud (arrow) below and above already existing buds after
sulting young polyps is delayed. transfer from lithium to normal medium.
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and no fragments were found in the medium, it seems likely
that they vanished due to the normal loss of cells at their
tip in combination with the inability to recruit new cells
from the body column. Ectopic tentacles differentiating at
secondary axes were stable (Fig. 1, c4).
The Lithium Concentration Threshold for Ectopic
Tentacle Induction Is Different in Parent Animals
and Secondary Axes
Ectopic tentacles developed whenever tissue close to a
head was subject to a shift in the lithium concentration.
Thus, parents and secondary axes, but not buds evaginating
after the lithium treatment, showed the lampbrush pheno-
type. The requirements for the induction, differentiation,
and maintenance of ectopic tentacles in parent animals
were remarkably different from those in secondary axes (Fig.FIG. 3. Sum of all buds per animal ({SEM) obtained within 14
days by the four treatment protocols presented in Fig. 1. Data are 1, d3, e3, and c4). Whereas in parent animals 4 mM LiCl
derived from experiments presented in Fig. 1. had to be present for at least 24 hr to induce tentacle differ-
entiation, secondary axes developed multiple ectopic tenta-
cles after only 6 hr of treatment (Fig. 1, c4). Moreover, sec-
ondary axes needed an additional 2 days to develop the phe-
Ectopic Tentacles Differentiate as Long as Budding notype, which then was stable in contrast to parents.
Is Inhibited To elucidate, if this phenomenon was due to a size effect,
solitary animals of different sizes were subjected to protocolThe decrease of the lithium concentration on Day 2 in-
c and e treatment. In addition to large, budless hydra (5±8duced the differentiation of ectopic tentacles (Fig. 1, d3±e3
mm long), we also used intermediate-sized animals (3±6and c4). Multiple ectopic head structures sprouted in a broad
mm), corresponding roughly in size to secondary axes, andsubhypostomal zone from Days 5 to 8 in parents, starting
recently detached buds with a size of about 2±3 mm (col-between 66 and 72 hr after the drop in lithium concentra-
lected within 24 hr after detachment). This experiment ex-tion, and Days 7 to 9 in secondary axes. Due to the density
cluded the possibility that smaller polyps preferentially dif-of tentacles in the apical third of the body column, the
ferentiate ectopic tentacles at shorter treatment times (Ta-animals displayed a lampbrush-like morphology as de-
ble 1). Both large and intermediate size hydra differentiatedscribed previously (Hassel et al., 1993). In addition to ec-
signi®cantly more ectopic tentacles after 48 hr in 4 mMtopic tentacles, complete heads and/or multiple hy-
LiCl compared to 6 hr of treatment (x2, P  0.001 and P postomes developed in several experiments. Since their oc-
0.05). Small animals in general have a low capacity to formcurrence and stability varied strongly for yet unknown
ectopic tentacles as indicated by the yields of 6 and 9%reasons (hypostome-like protrusions occurred and disap-
(Table 1). Furthermore, in contrast to secondary axes, thepeared within 24 hr), we focused on experiments which
resulted in ectopic tentacle formation only.
The induction of ectopic tentacles was strictly dependent
on lithium concentrations above 2 mM being present for a
TABLE 1
minimum period of time. Forty-eight hours in 2 mM LiCl
Formation of Ectopic Tentacles in Solitary Hydra of Varyingas well as 6 hr in 4 mM LiCl yielded between 2 and 10%
Sizes Treated According to Protocols c and e
of polyps with ectopic tentacles (protocols b and c, Fig. 1).
Shorter incubation times or concentrations below 1 mM Animal size
LiCl had no effect (not shown). A prolonged incubation for
LiCl treatment 5±8 mm 3±6 mm 3 mm24 or 48 hr in 4 mM LiCl (protocols d and e), however,
yielded 50 and 80% of lampbrush-like animals. The low % animals with ectopic tentacles
yields of ectopic tentacles developed in protocols b and c
48 hr 4 mM, 54.8 { 1.5 35.5 { 3.2 9.3 { 4.2were veri®ed by two further experiments with 250 animals
/4 days 1 mMeach (not shown).
6 hr 4 mM, /4 8 { 1.9 20.8 { 4.1 6 { 4.8The differentiation of ectopic tentacles in parents peaked
days 1 mM2 days before the ®rst buds became visible (Day 7). Thereaf-
ter, between one- and two-thirds of the ectopic structures Note. Given is the mean percentage of animals ({ standard devia-
disappeared within about a week. The mechanism is still tion of the mean) that formed ectopic tentacles in three indepen-
dent experiments (n  150).unclear, but since the ectopic tentacles shortened over time
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solitary polyps reduced up to two-thirds of the supernumer- of lithium also provides a stimulus, we combined lithium
treatment with an intervening incubation in normal me-ary structures within 1 week.
These results are remarkable, since secondary axes origi- dium. Hydra were incubated for 2 days in 4 mM lithium,
transferred to normal medium for 1, 6, or 24 hr, and thennate from buds and bud tissue primarily arises by recruit-
ment of parent cells rather than local proliferation. There- transferred to 1 mM LiCl. In none of the experiments could
an accumulation of inositol phosphates and hence a possiblefore, big differences between parent and bud tissue (or sec-
ondary axes) are not to be expected. Nevertheless, secondary activation of the PI cycle be detected (data not shown).
Transfer from normal medium to 1 or 4 mM LiCl also failedaxes clearly possess a lower threshold for tentacle induction
than solitary polyps of any size, and they apparently provide to induce inositol phosphate accumulation as measured
after 24 hr. Parallel monitoring of possible phenotypic ef-an environment advantageous for persistence of ectopic ten-
tacles once they are formed. fects showed no abnormalities such as differentiation of
ectopic tentacles.
The preliminary data presented above are in agreement
Reduction of the Lithium Concentration Elevates with the idea that lithium is an inhibitor of inositol mono-
the Level of Inositol Phosphates and polyphosphatases in hydra. They do not yet allow any
conclusion to be drawn concerning a possible depletion ofHead development in hydra is thought to be controlled
by protein kinase C (Mueller, 1995 and references therein). inositol, which accompanies the inhibition of inositol phos-
phatases in vertebrates (Hallcher and Sherman, 1980). Varia-The enzyme is activated either after stimulation of the PI
cycle or by pathways involving other signaling systems tions in inositol content were observed in hydra (compare
Fig. 4), but, in contrast to inositol phosphates, showed no(Asaoka et al., 1992). To assay for a possible activation of
the PI cycle prior to the differentiation of head structures, consistent pattern. This feature is not yet understood and
needs further investigation to allow distinction betweenhydra were treated according to protocols b and e and incu-
bated with [3H]inositol 18±24 hr prior to sacri®ce. Lithium externally applied and internally metabolized inositol.
In conclusion, our data provide evidence that a decreaseions are known to inhibit several inositol phosphatases of
the PI cycle in vertebrates, which leads to an accumulation in the lithium concentration from 4 to 1 mM LiCl induces
a long-term accumulation of inositol phosphates, perhapsof inositol phosphates as soon as an external stimulus trig-
gers this second messenger system (Hallcher and Sherman, by providing an appropriate stimulus for the activation of
the PI cycle. It is also possible that the shift in lithium1980).
Figure 4 presents typical HPLC chromatograms obtained concentration mimicks an activation of the PI cycle further
downstream in the signaling cascade, but still upstream offrom acidic methanol extracts of hydra and shows that a
decrease of lithium concentration causes an increase in the the generation of inositol phosphates. Since ectopic tenta-
cles develop within 72 hr after the reduction of lithiumlevel of inositol phosphates. Controls as well as animals
taken directly from 4 mM LiCl after 48 hr of treatment concentration and stimulation of PI/PKC signaling has been
shown to induce ectopic head structures (Mueller, 1989,displayed a low level of inositol monophosphates. Transfer
from 4 to 1 mM LiCl, however, induced an increase of inosi- 1995), the accumulation of inositol phosphates might be
coupled to ectopic tentacle formation. This hypothesistol mono- and bisphosphates between 6 and at least 24 hr
later (Fig. 4b). Treatment protocol b (2 to 0.5 mM LiCl) must be examined carefully in the future, because we
treated and tested whole hydra and the cells that show thehad a similar effect, but the HPLC pro®le was different: In
addition to inositol mono- and bisphosphates, two peaks changes in PI metabolites that ®nally interact might not be
the same.cochromatographed with inositol 1,3,4-trisphosphate and
the second messenger inositol 1,4,5-trisphosphate. A third
radioactive peak coeluted with inositol 1,3,4,5-tetrakispho-
sphate. To roughly quantitate the observed changes, radio- DISCUSSION
activities contained in all peaks, which cochromatographed
with the inositol phosphate standards, were summed up Suppression or overactivation of the three main pat-
terning processes in Hydra, (i) head formation, (ii) foot for-and compared to the control levels (Table 2). This analysis
provided evidence that treatment with a constant lithium mation, and (iii) budding, is easily achieved by applying
lithium chloride, which renders the ion a useful tool forconcentration for 48 hr, starting from normal medium,
slightly depleted inositol phosphates. In contrast, reduction dissecting patterning processes. In the present study we in-
vestigated the mechanisms of head formation and buddingof the lithium concentration from 4 to 1 or 2 to 0.5 mM
increased the amount of inositol phosphates by a factor of under the in¯uence of LiCl. Both processes are known to
be tightly coupled to each other, since latent or already2±7. This large variation could not be controlled, although
we standardized conditions as much as possible, and might emerging buds inhibit head regeneration, whereas head re-
moval promotes budding (Tardent, 1972; Berking, 1979;be due to the fact that inositol uptake varies from week to
week for yet unknown reasons. The elevated level of inosi- Mueller, 1995). By reducing the lithium concentration dur-
ing a long-term treatment, we generated the inverse situa-tol phosphates may indicate that the PI cycle is activated by
the shift from 4 to 1 mM LiCl. To test if complete removal tion, in which budding was suppressed, while ectopic head
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FIG. 4. HPLC chromatograms of inositol phosphates. (a) Marker mix, (b) untreated control animals, (c±e) animals treated according to
protocol e. (c) Animals extracted after 2 days in 4 mM LiCl (to) (d) animals extracted 6 hr after transfer from 4 to 1 mM LiCl and (e)
extracted 24 hr after transfer. (f) Animals treated according to protocol b, extracted 24 hr after transfer to 0.5 mM LiCl.
structures differentiated. Our results provide evidence that with the induction of ectopic tentacles rather than budding.
We favor the idea of at least two interdependent signalingthe mutually exclusive differentiation of head structures
and budding might be due to initially different physiological systems, one of which controls bud induction while the
other is responsible for head formation. Data supportingrequirements. An activation of the PI cycle occurs soon
after decreasing the lithium concentration and correlates such a mechanism will be discussed.
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TABLE 2 ectopic head structures form close to the original head,
Quantitation of Inositol Phosphates (HPLC) Following a Shift in where differentiation of similar structures is usually prohib-
the Lithium Concentration after 2 Days of Preincubation or ited.
Transfer from Normal Medium (n.m.) to Lithium
Incubation time
Tentacle Differentiation in a Concentration of(hr) after shift Amount of inositol
Lithium Known to Inhibit Head Formationof the LiCl phosphates (% of
concentration control value) The most intriguing question to be answered is why ec-
topic tentacle formation but not budding is possible in aControl 100
lithium concentration which is known to inhibit head for-4 to 1 mM 0 84.9/96/72
24 215.1/716.4/201.5/243 mation. We previously showed that lithium treatment at a
2 to 0.5 mM 24 370.3/235.8/159.5/297 constant concentration of 1 mM reversibly inhibited bud
4 mM to n.m. 24 100.7/114.8 formation, but irreversibly blocked head formation (Hassel
n.m. to 4 mM 24 105.3/113.2 et al., 1993). Midgastric thirds excised from lithium-treated
polyps failed to differentiate head tissue at the prospectiveNote. Values are given as percentage of the control and derived
head end and instead foot tissue formed. It was, therefore,from two to four independent experiments with 40 animals each.
very surprising to see that simple transfer from 4 to 1 mMData in row 3 correspond to Fig. 1e, row 4 to Fig. 1b.
LiCl induced ectopic tentacles. The differentiation of ec-
topic head structures indicates that the head-forming poten-
tial is elevated far above the normal level. Therefore, the
Evidence for a Complex Patterning System drop in lithium concentration must provide some head-in-
ducing stimulus, which is stabilized or enhanced by theUp to now, the patterning system controlling the simple
further presence of the ion and does not support bud induc-body plan of hydra has been considered to be simple as well.
tion.The three morphologically distinguishable structures, head,
bud, and foot, are thought to be formed by either one or two
systems. Budding, for example, is frequently interpreted as
The PI Cycle as a Possible Molecular Target fora special case of head formation (for review see Bode and
Head InductionBode, 1984; Meinhardt, 1993; Technau and Holstein, 1995),
which is supported by the fact that bud tissue as well as We found an increase in the level of inositol phosphates
the adult head is able to induce head tissue if implanted preceding and possibly associated with the formation of ec-
into the body column (Berking, 1979). topic head structures, which persisted for at least 24 hr.
Deduced from such experimental evidence, mathematical This increase occurred exclusively under the head-inducing
models have been developed, one of which uses two activa- lithium treatment, but not if other treatment protocols
tor/inhibitor systems to control head and foot formation, were used. These data can be interpreted as a speci®c activa-
respectively (Meinhardt, 1993), while the other makes use tion of the PI cycle following the shift in lithium concentra-
of competition for limited resources as a principle to explain tion. In Hydra magnipapillata and also in H. vulgaris, acti-
head and foot formation (Mueller, 1995). In both models, vation of the PI cycle by the externally applied second mes-
the parent's head and the bud are formed by only one single senger DAG has been shown to elevate the positional value
patterning system. Model one allows bud formation only leading eventually to formation of ectopic tentacles (H. vul-
within a certain distance from the original head, because garis) or even ectopic heads (Mueller, 1989, 1995). If activa-
an inhibiting ®eld prohibits formation of a second head in tion of the PI cycle were the reason for the formation of
close vicinity. The second model shifts the bud ®eld away ectopic head structures by lithium, a simple argument could
from the head by proposing that both head and bud compete be made:
for the same head-inducing molecules and assuming that
the bud is the weaker competitor. (i) Decrease in LiCl from 4 to 1 mM increases the level
of inositol phosphates, suggesting activation of the PI cycleAlthough our data do not contradict either one of the
models, they suggest that the pattern-forming system of and possibly inhibition of inositol phosphatases by lithium;
(ii) Concomitantly, DAG might increase, which has beenhydra might be more complex than usually anticipated. For
example, lithium treatment as used in our experiments re- described for cell lines (Drummond and Raeburn, 1984);
(iii) Application of DAG is known to increase the posi-veals that the seemingly indistinguishable tissues of parents
and of secondary axes, which are derived from buds, possess tional value (Mueller, 1989, 1995) and could hence be re-
sponsible for the lampbrush effect; anddifferent endogenous thresholds for the differentiation of
ectopic tentacles. Next, the budding potential obviously is (iv) Since DAG is known to reduce the budding rate by
yet unknown mechanisms (de Petrocellis et al., 1993), sucha property which can be stored for 6±8 days without loss
of activity. Finally, ectopic head formation in parents occurs a hypothesis could explain both tentacle formation plus bud
suppression.under conditions which are not supportive of budding, and
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The problem with this argument is that H. vulgaris reacts forming potential with the bud system, contradiction is re-
leased. Since normal head and foot regeneration show noonly weakly to DAG and needs 2 to 3 weeks of daily treat-
ment with the second messenger until few ectopic tentacles negative interference with each other, there is no need to
assume that ectopic tentacle differentiation should be af-form. Moreover, inhibiting the PI cycle stands not necessar-
ily for an elevation of the DAG level, particularly if lithium fected by the enhanced foot-forming potential. We ®nd it
interesting to note that a regenerating foot inhibits budding,is present for more than some hours (Manji and Lenox,
1994). Finally, DAG reduces the budding rate, but will not and budding in turn inhibits head regeneration indicating
an inhibitory step-by-step system from basal to apical struc-completely suppress the process. Therefore, this theory
might be too simple, but will be tested in the future. tures.
PerspectivesExperimental Evidence and Mathematical Models
On a molecular level, the result that ectopic head forma-A similar problem arises if we try to ®t our results with
tion occurred between 66 and 72 hr after the shift in LiCl,the existing models for hydra development. The lithium
while budding remained suppressed for at least 1 more day,experiments show that hydra is able to develop broad zones
might indicate that induction of budding initially requiresof tissue competent for (ectopic) formation of structures.
activation mechanisms different from those leading to in-The localization of these regions corresponds to the normal
duction of head structures in the parent.polarity. In the upper body part, a broad zone competent to
Besides a report by Technau and Holstein (1995), theredifferentiate ectopic tentacles or heads forms following a
are two more reports, which directly support this idea. dedecrease from 4 to 1 mM LiCl. At the same time, a broad
Petrocellis et al. (1993) and Mueller (1995) showed thatzone competent for foot formation exists in the lower body
DAG enhances the head-forming potential in H. vulgaris,region, where ectopic feet form from Day 4 of treatment
while budding is inhibited to a great extent. de Petrocellisonward irrespective of the lithium concentration (Hassel et
et al. (1993) could also show that inhibitors of phospolipaseal., 1993). Between these zones, the budding zone resides,
A2, an enzyme which releases arachidonic acid from fattywhich is inhibited in its activity as long as lithium is pres-
acids, promote budding. Arachidonic acid is known to syn-ent, but stores the budding potential for 6±8 days. Following
ergistically activate certain protein kinase C subtypes if ap-removal of the ion, this zone extends temporarily and sup-
plied together with diacylglycerol (Shinomura et al., 1991;pressed buds evaginate in a compensatory burst.
Asaoka et al., 1992), and diacylglycerol is the physiologicalSpatially extended zones of activation close to an existing
activator of almost all known protein kinases C (Newton,structure are predicted by the model of Meinhardt (1993),
1995). Deduced from our work and that of Mueller and deprovided the density of hypothetical, for example, head-
Petrocellis et al., activation of the PI cycle and protein ki-supporting sources is elevated beyond normal and provided
nase C might be necessary to decide the issue in favor ofthe range of tentacle inhibition is too short to inhibit differ-
head formation, and inhibition of PLA2 might be necessaryentiation of additional tentacles. Nevertheless, the parallel
to initiate budding. Since a bud is created from a buddingestablishment of broad head- and foot-inducing zones has
®eld, where the new axis initially must be established per-not been predicted by either of the models, and therefore
pendicular to the parent's axis, it seems reasonable to as-lithium experiments might be suitable tools for allowing a
sume that this initial process requires a physiological speci-deeper understanding of the patterning system(s) of hydra.
®cation different from use of the existing axis in headIn this context, it is interesting to note that budding is
regeneration processes. This hypothesis excludes neithersuppressed for a prolonged period of time by removal of the
activation of the PI cycle at later stages of bud developmentparent's foot (Berking, 1977a). In our control experiments,
nor involvement of further signaling systems and opens in-only a few hydra regenerating feet also formed buds within
teresting perspectives for further investigations of the phys-26 hr (6 of 150), and normal budding was resumed only
iological alterations accompanying head and bud formation.24 to 48 hr later (not shown). Since both lithium and foot
regeneration elevate the foot-forming potential, the inhib-
iting effect on budding might be due to an interference of ACKNOWLEDGMENTS
foot and bud systems.
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